p-Fructofuranosidase activity was found to be cell-bound in Streptococcus mitis ATCC 903. The following evidence suggests that induction functions as a regulatory mechanism for /?-fructofuranosidase in S. mitis: (1) on transfer of glucose-grown exponential phase bacteria to sucrose medium, the specific activity of p-fructofuranosidase increased fourfold in the course of one generation; (2) other sugars had no stimulatory effect on the rate of synthesis of /3-fructofuranosidase; (3) the effect of sucrose on the rate of synthesis of pfructofuranosidase could be measured within a few minutes. Glucose, fructose and mannose repressed P-fructofuranosidase. The addition of glucose to bacteria growing on sucrose repressed P-fructofuranosidase for about one generation. The intracellular concentration of glucose was considerably increased during repression, while the intracellular concentrations of glycolytic intermediates did not vary significantly.
INTRODUCTION
Streptococcal carbohydrate metabolism, in particular sucrose metabolism, plays an important role in the pathogenesis of human dentaI caries (Russel, 1966; Gibbons & van Houte, 1975) . Numerous studies on enzymes involved in the metabolism of sucrose, e.g. glucosyl-and fructosyltransferases (EC 2.4.1 . 5 and EC 2.4.1 .lo) and p-fructofuranosidase (EC 3.2.1 .26) have been done with the oral streptococcus Streptococcus mutans (Carlsson, 1970; Tanzer, 1972; Fukui et al., 1974; Janda & Kuramitsu, 1978) . The regulation of P-fructofuranosidase in strains of S. mutans has been studied by Tanzer et al. (1973) who claimed that p-fructofuranosidase in S. mutans SL-1 was inducible by sucrose. Kuramitsu (1973) found that repression was the only regulatory mechanism for p-fructofuranosidase in S. mutans GS-5 and that repression was exerted by sucrose. Investigations on the regulatory mechanisms of enzymes which dissimilate sucrose in S. mutans have been complicated by the presence in this bacterium of more than one enzyme using sucrose as substrate (Kuramitsu, 1973) .
Streptococcus mitis, which is one of the most common micro-organisms in dental plaque and other sites in the oral cavity (Gibbons & van Houte, 19751 , is usually devoid of glucosyland fructosyltransferases (Facklam, 1977) . It has been shown in our laboratory that the only enzymes active on sucrose in S. mitis ATCC 903 are P-fructofuranosidases (Sund et al., 1978) . In addition, we found a-glucosidases that are active on isomaltose but inactive on sucrose and other a-glucosidic sugars (Sund et al., 1978) . The a-glucosidase of S. mitis has been studied by Walker & Builder (1967 , 1971 .
The purpose of the present study was to investigate the regulation of the p-fructofuranosidase of S. mitis ATCC 903 in terms of induction and repression, Millipore). Bacteria were grown anaerobically at 37 "C at constant pH 6.8 in a 1 1 fermenter (FL 101; Biotec, Stockholm, Sweden) with stirring (400 rev. min-l) . The gas (9 1 h-l) was 95 N, and 5 % CO,.
Cells for inductionlrepression experiments. Cells were cultivated in the fermenter in the standard growth medium with 0.06 M-glucose (initial concentration). They were harvested either about 60 min before or 30 min after the exhaustion of glucose; the former cells were called exponential phase cells, the latter stationary phase cells. The cells were washed in cold (5 to 7 "C) 0.01 M-sodium phosphate buffer (PH 7.0) and suspended by homogenization in the appropriate medium.
Determination of cell mass. Cell mass was determined by measuring the absorbance at 550 nm of washed samples suspended in distilled water. The dry weights of the cell samples, expressed as mgml-1, were calculated by multiplying the absorbance measurements by a factor of 0.3 . A constant relationship between absorbance and dry weight in the exponential and stationary phases of growth has been shown .
Preparation of subcellular fractions. Cells were harvested by centrifugation at 20000 g for 10 min, washed Once in cold (5 to 7 "C) 0.01 M-sodium phosphate buffer (PH 7.0) and resuspended by homogenization in 0.05 M-sodium phosphate buffer (pH 7.0) to a cell concentration of 6 to 10 mg dry wt ml-l. Cells were disrupted with a 25 ml X-press (Biotec) following the freeze-pressing procedure described by Edebo (1 960). After thawing at room temperature, the suspension was centrifuged at 800 g for 20 rnin to remove remaining whole cells. A portion of the supernatant (designated crude cell extract) was retained for enzyme assays; the rest was centrifuged at 37000g for 15 min. The resulting supernatant was designated soluble cell extract. Both fractions were dialysed overnight against 0.05 M-sodium phosphate buffer (pH 7.0) at 4 "C before they were used for enzyme analyses. The activity of the soluble cell extract was taken to represent total cellbound activity. Enzyme activity recovered in the supernatant medium after harvesting the bacteria was designated as extracellular.
Protein determination. The protein content of cell extracts was determined by the Folin method of Lowry using crystalline bovine serum albumin as a standard.
Enzyme assays. p-Fructofuranosidase activity was determined by incubation of enzyme-containing material (0.01 to 0.1 ml) with 1.0 M-sucrose and 0.2 M-sodium phosphate buffer (pH 7.0) in a total volume of 0.4 ml. After incubation for 20 min at 37 "C, the reaction was stopped by heating for 5 min in boiling water. The reaction rate was constant with time and was proportional to the amount of enzyme in the reaction mixture. Samples were then assayed for glucose with glucose oxidase using the Glox test (Kabi, Stockholm, Sweden) . A control consisting of boiled enzyme-containing material was assayed in parallel. a-Glucosidase activity was measured by incubation of the enzyme-containing material with 0.025 M -~-nitrophenyl a-D-glucopyranoside and 0.01 M-sodium phosphate buffer (pH 7.2) in a total volume of 0.5 ml. After incubation for 15 min at 37 "C, the reaction was stopped by the addition of 2.0 ml 0.6 M-potassium borate. The reaction rate was constant with time and proportional to the amount of enzyme in the reaction mixture. The amount of p-nitrophenol liberated was then assayed by absorbance measurements at 400 nm. A control, as described above, was assayed in parallel.
&Fructofuranosidase and a-glucosidase activities were expressed in katals. One katal (kat) is the amount of enzyme catalysing the hydrolysis of 1 mol substrate s-' under the standard assay conditions.
Aminopeptidase activity was determined as described by Linder et al. (1974b) . Ot}zer analytical procedures. Sucrose was determined in culture supernatants by incubation with yeast invertase (Sigma; 310 U ml-l, final concentration) for 30 min at 55 "C in 0-2 M-NaH,PO, (pH 4.7) in a total volume of 0.2ml. Samples were then assayed for glucose with glucose oxidase (Glox). A control consisting of the proteose-peptone medium without added carbohydrate was run in parallel.
Intracellular glucose and glycolytic intermediates were determined in the following way. Culture samples were immediately poured into centrifuge tubes held in an ice bath. The tubes contained an equivalent volume of 0.01 M-sodium phosphate buffer adjusted to pH 4.0 with citric acid. The final pH of the mixture was about 5-0. The tubes were kept in the ice bath for about 20 min and then centrifuged at 20000g for 10 min. The cells were washed twice in cold (5 to 7 "C) 0.01 M-sodium phosphate buffer (pH 7.0). Glucose and glycolytic intermediates were then determined in the soluble cell extracts which were prepared by the freeze-pressing procedure as described above, except that dialysis was omitted. The soluble cell extracts were kept at -20 "C until assayed. The amount of glucose and intermediates relative to the amount of cell protein were taken to represent the intracellular concentrations. Glucose 6-phosphate and glucose l-phosphate, fructose 6-phosphate, fructose 1,6-bisphosphate and pyruvate were determined according to the methods of Bergmeyer & Klotzsch (1965) , Hohorst (19651, Racker (1965) and Bucher et al. (1965) , respectively. Storage at -20 "C had no deleterious effect on the phosphorylated intermediates. The intracellular concentration of glucose, expressed in mol l-l, was calculated on the assumption that 1 g dry wt cells is equivalent to 1-67 ml intracellular fluid, based on the determination of the intracellular fluid of S. lactis MLs (Thompson, 1976) .
Znductionlrepression experiments. Samples of exponential phase cells and stationary phase cells were incubated separately in various media at a cell density of about 8 mg dry wt ml-l, Each suspending medium comprised 0.1 M-carbohydrate, 0-4 M-sodium phosphate buffer (pH 7.4) and proteose-peptone, vitamins and trace elements at the concentrations in the standard growth medium. The cells were suspended and homogenized immediately after harvesting and washing (see above). Incubation was performed in centrifuge tubes with tight caps for 15, 30 and 45 min at 37 "C. In each experiment, two cell samples were suspended in medium without carbohydrate. One of these suspensions was immediately centrifuged (zero-time cells), the other suspension was incubated for 45 min at 37 "C. For practical reasons the pH was not controlled in the cultures. The decrease in pH was proportional to growth. No values below pH 6.0 were observed.
Duplicate samples gave results that were reproducible within 5 %.
Time-course analysis of induction and repression. Exponential phase cells were transferred to a medium containing proteose-peptone, vitamins and trace elements at twice the concentrations in the standard growth medium. The initial concentration of cells was about 3 mg dry wt ml-l. The cells were cultivated in the FL 101 fermenter under the same conditions as described above. Sucrose (0.1 M) was added separately to the culture in the fermenter at zero time. Samples were withdrawn at intervals over a period of 110 min and analysed for P-fructofuranosidase activity and glycolytic intermediates. One sample, withdrawn from the culture after 4 min, was incubated with chloramphenicol(500 pg ml-l, final concentration) in a centrifuge tube at 37 "C for 41 min, and then treated like the other samples. After 50 min, glucose (0.1 M, final concentration) was added.
In another series of experiments, glucose (0.1 M) was the carbohydrate added at zero time and sucrose (0.1 M, final concentration) was added at 60 min.
Chemicals. Proteose-peptone was from Difco; glucose, sucrose, fructose and mannose were from Merck; p-nitrophenyl a-D-glucopyranoside and the reagents for the determination of aminopeptidase and glycolytic intermediates were from Sigma ; and chloramphenicol was from Parke-Davis.
R E S U L T S
Cell-bound and extracellular enzyme activity in relation to the growth cycle Cell-bound and extracellular P-fructofuranosidase activities were determined in samples withdrawn at intervals from cultures growing on glucose or sucrose (0.06 and 0.03 M, initial concentration, respectively). Enzyme activity in the crude cell extract did not differ significantly from that in the soluble cell extract, indicating that the enzyme activity was not associated with particulate matter after cell disintegration. We consider that this finding justifies the utilization of the soluble cell extract for the determination of the cellbound enzyme activity. In both glucose and sucrose cultures more than 95 yo of the activity was cell-bound during the exponential phase of growth. In the stationary phase, which was initiated by the exhaustion of the energy source, rapid autolysis occurred. During this phase the extracellular activity increased and the cell-bound activity decreased (Figs 1 and  2) . Constant or slightly decreasing specific activity was observed in the early-and midexponential phases of growth in both glucose and sucrose cultures (Figs 1 and 2) . In glucose cultures, the specific activity increased slowly in the late-exponential phase of growth and in the stationary phase. In sucrose cultures, the specific activity increased rapidly in the late-exponential phase of growth and continued to increase in the stationary phase, although at a slower rate. P-Fructofuranosidase activity reached a higher level in sucrose-grown cells than in glucose-grown cells. The mean value of the specific activity of P-fructofuranosidase at the end of the exponential phase of growth calculated from six independent experiments with each carbohydrate was 25 % higher in sucrose-grown than in glucose-grown cells.
Efect of various carbohydrates on the cellular activity of P-fructofuranosidase Changes in the specific activities of P-fructofuranosidase were dependent on the carbohydrate present in the medium and on the physiological state of the cells at the beginning of the incubation period (Figs 3 and 4) . In order to find out if the observed effects of the carbohydrates on the cellular activity of P-fructofuranosidase were specific for this enzyme, another glycosidic enzyme, a-glucosidase, which is active on isomaltose but inactive on sucrose (Sund et al., 1978) , was studied in parallel. In exponential phase cells the activity of P-fructofuranosidase increased by a factor of 1.8 in less than one generation in the presence of sucrose, while the activity of a-glucosidase in these cells decreased by a factor of 0.6 (Fig. 3a, b) . In contrast, the presence of glucose initially decreased the activity of pfructofuranosidase and caused a slight increase in a-glucosidase activity in exponential phase cells (Fig. 3a, b) . Mannose and fructose caused decreases in the cellular activities of both enzymes in exponential phase cells (Fig. 3a, b) . However, the decreasing effect on the Fig. 3 . Effect of different sugars on the activities of P-fructofuranosidase (a) and a-glucosidase (6) in exponential phase cells. Glucose-grown exponential phase cells were incubated at 37 "C in the standard growth medium supplemented with fructose (A), glucose (a), mannose (V) or sucrose (m) at 0.1 M. Relative specific activity (C/Co), i.e. the specific activity relative to that at zero time, is plotted against physiological time (At/Ao), i.e. cell mass at time t relative to that at zero time. The three symbols for each sugar represent (from left to right) results for incubation periods of 15, 30 and 45 min. The dashed line is the theoretical curve calculated on the assumption that the zero time activity of the enzyme is diluted out by growth (Mandelstam, 1962 ). in stationary phase cells. Glucose-grown stationary phase cells were incubated at 37 "C in the same media as described in Fig. 3. specific activity of P-fructofuranosidase by glucose and fructose was more intense and shorter compared with that exerted on a-glucosidase by sucrose and fructose (Fig. 3a, b) . In stationary phase cells the activity of both enzymes decreased on transfer to the carbohydrate growth media, with the exception of ,&fructofuranosidase activity in the sucrose medium which initially remained constant (Fig. 4a, b) .
Incubation of the bacteria in proteose-peptone medium without carbohydrate produced no changes in the cellular activity of the enzymes in either exponential phase or stationary phase cells, i.e. C/Co (see legend to Fig. 3) = 1.0, (not shown). Interestingly, stationary phase cells had a higher growth rate than exponential phase cells with all sugars tested (Figs 3 and 4) .
Time-course analysis of the eflects of exogenous sucrose and glucose on the cellular activity of P-fructofuranosidase and concentration of glycolytic intermediates During the initial growth with sucrose before glucose addition, the specific activity of B-fructofuranosidase increased rapidly without detectable lag to more than four times the original value (Fig. 5) . During this period the concentration of glucose 6-phosphate (per concentrations of: glucose, 0 ; glucose 1-phosphate, H ; fructose 6-phosphate, A : glucose 6-phosphate, 0. The dashed line indicates a culture sample withdrawn at 4 min and incubated in the presence of chloramphenicol (500 pg ml-l) for 41 min at 37 "C. mg cell protein) also increased, while the concentrations of fructose 6-phosphate and glucose 1 -phosphate remained fairly constant. The concentration of fructose 1,6-bisphosphate in the cell extract was too low to be determined. The concentration of pyruvate was also low [0.002 to 0.01 pmol (mg protein)-l]. The concentration of glucose in the cells increased initially during the cultivation on sucrose.
The addition of glucose to the culture had two immediate and pronounced effects: the intracellular concentration of glucose increased and the specific activity of P-fructofuranosidase decreased. The initial decrease in the specific activity of P-fructofuranosidase was of the order of magnitude that could be expected under conditions of complete inhibition of synthesis and dilution out of the existing enzyme molecules by growth. However, the decrease in the specific activity of P-fructofuranosidase was observed only for a short time, about 1 generation. Between 1 and 2 generations after glucose addition, the specific activity of P-fructofuranosidase increased rapidly. At the end of the experiment (2.0 generations after addition of glucose and 4.3 generations from zero time) the specific activity of Pfructofuranosidase was more than six times that at zero time (Fig. 5) .
A 15-fold increase in the intracellular concentration of glucose was observed 4 min after the addition of glucose. At that time the intracellular glucose concentration, calculated to be 135 mM, exceeded the extracellular concentration. The glucose concentration in the cells then decreased, so that 1.0 generation after glucose addition the cellular concentration of glucose had returned to the same level as before addition of glucose. In contrast to the intracellular concentration of glucose, the concentrations of glucose 6-phosphate and glucose 1-phosphate decreased slowly on addition of glucose to the culture.
A culture incubated with chloramphenicol approximately doubled in cell mass. The specific activity of P-fructofuranosidase, however, remained constant or increased by less than 10%.
For an understanding of the regulation of p-fructofuranosidase, it was considered important to know whether or not the addition of glucose to the cells growing on sucrose caused cessation of sucrose consumption. From the determinations of residual sucrose and glucose in culture supernatants (Fig. 6) , it seemed that the sugars were consumed simultaneously. As extracellular hydrolysis of sucrose by autolytically released p-fructofuranosidase could not be entirely excluded, culture supernatants that had not been acidified were assayed for P-fructofuranosidase and aminopeptidase activities. At the end of the cultivation, P-fructofuranosidase activity in the culture supernatants was less than 0.5 nkat ml-l. Aminopeptidase activity, a marker for cell lysis (Linder et al., 19743) in the culture supernatant fluid, increased very slowly during cultivation and was less than would be expected from the autolysis of 1% of the cells.
Upon addition of sucrose to the culture at zero time, acid production and growth started without appreciable lag (results not shown).
In another series of experiments glucose was added at zero time and sucrose was added after 60 min. The results (Fig. 7) show that the specific activity of P-fructofuranosidase decreased during the first 0.6 generation of growth in glucose and then increased so that the specific activity after 60 min growth, corresponding to a physiological time of about 0.9 generation, was equal to that at zero time. After the addition of sucrose to the culture, the specific activity increased in 60 min (1.6 generation) to four times that at zero time. Chloramphenicol added 4 rnin after sucrose addition inhibited the increase in specific activity. In contrast to the previous series of experiments (Fig. 5) , no change in the intracellular glucose concentration was observed.
The residual concentrations of glucose and sucrose (Fig. 8) reveal that the sugars were metabolized simultaneously and that the consumption of sucrose did not reach a maximal rate until after a lag of at least 12 min (0.4 generation).
D I S C U S S I O N
Although most reports on invertase activity in viridans streptococci have dealt with intracellular enzymes (Tanzer et al., 1973 (Tanzer et al., , 1977 Kuramitsu, 1973) , some investigators have reported on the occurrence of extracellular invertases (Gibbons, 1972; Chassy et al., 1974; Fukui et al., 1974) . The results of the present study clearly show that p-fructofuranosidase in S. mitis ATCC 903 is cell-bound according to the criteria suggested by Pollock (1 962).
The observation that the specific activity of P-fructofuranosidase continued to increase after the exhaustion of the energy sources (Figs 1 and 2 ) seemed similar to earlier findings regarding hyaluronidase in S. mitis ATCC 903. The latter enzyme was synthesized in proteose-peptone medium in the absence of carbohydrate (Linder, 1974) . However, in the present investigation neither P-fructofuranosidase nor a-glucosidase was synthesized during incubation of cells in proteose-peptone medium without carbohydrate. The increased specific activity of P-fructofuranosidase observed in the stationary phase of growth, after the exhaustion of the energy source, could be explained either by a differential release of proteins from cells in the stationary phase or by binding of autolytically released @-fructofuranosidase to the cell surface of remaining whole cells. According to the latter hypothesis, bound enzyme is recovered in the cell extract and recorded as an increase in the specific activity of P-fructofuranosidase.
The increase in specific activity of P-fructofuranosidase in the presence of sucrose most probably reflects de novo synthesis as the addition of chloramphenicol prevented any increase in specific activity.
The following results support the theory that P-fructofuranosidase is inducible : (1) the presence of sucrose in the medium increased the rate of synthesis of p-fructofuranosidase, but not that of a-glucosidase; (2) other metabolized carbohydrates that are not substrates of the enzyme had no stimulatory effect on synthesis; (3) the effect of sucrose on enzyme synthesis could be measured within 4 min after sucrose had been added to the cells. Furthermore, in the experiments where sucrose was added to a culture growing on glucose, a lag of at least 12 min was evident until sucrose was consumed at maximal rate (Fig. 8) . Whether this lag reflects the time for induction and synthesis of /3-fructofuranosidase to a level necessary for maximal sucrose catabolism or reflects deficiency in the transport of sucrose is not clear.
However, the specific P-fructofuranosidase activity was only 25% higher in cultures grown with sucrose than in cultures grown with glucose in the absence of sucrose (Figs 1  and 2) . These results, which contrast with those presented in Figs 5 and 7, may be explained as follows. Cells derived from the stationary phase of growth, in contrast to those from the exponential phase, were incapable of P-fructofuranosidase synthesis at a high differential rate in the presence of sucrose for at least 45 min in spite of rapid growth (Fig. 4a) . It is possible then that in the sucrose medium (Fig. 2 ) which was inoculated with an overnight preculture (Linder et al., 1974a ) the relatively low specific p-fructofuranosidase activity was attributable to the long lag period before p-fructofuranosidase synthesis at high differential rate started (Fig. 2) .
In a previous study with S. mitis ATCC 903 (Linder & Sund, 1974) , it was found that sucrose stimulated the synthesis of hyaluronidase for which sucrose, by definition, cannot be the inducer. However, an important difference exists between P-fructofuranosidase and hyaluronidase synthesis. Synthesis of the latter was not increased in the presence of sucrose until after a lag of at least 30 min. The stimulation of hyaluronidase by sucrose could be explained in terms of reduced repression (Linder & Sund, 1974) .
The results of our study give good evidence for transient repression as an additional mechanism controlling the synthesis of P-fructofuranosidase. Mannose, glucose and fructose all reduced the rate of synthesis of this enzyme in relation to the rate of total protein synthesis (Figs 3, 4 and 5) for a limited period (one generation or less).
The period of transient repression of P-fructofuranosidase observed on addition of glucose to cells growing with sucrose coincided with a highly increased level of intracellular glucose (Fig. 5) . It seems reasonable to assume that either glucose itself is the effector of P-fructofuranosidase repression or that the effect of glucose is mediated by some other effector. The nucleotide cyclic AMP has been shown to overcome transient repression in several Gram-negative bacteria (Pastan & Perlman, 1970) . However, no regulatory role has been shown for cyclic AMP in Gram-positive bacteria.
The observation that a high intracellular glucose concentration could not prevent the utilization of sucrose is good evidence against catabolite inhibition as a control mechanism for P-fructofuranosidase activity in S. mitis (Paigen & Williams, 1970) . Catabolite inhibition of ,!I-fructofuranosidase would have resulted in the preferential utilization of glucose over sucrose in the glucose/sucrose medium. This work was supported by grants from the Swedish Medical Research Council no. B77-24X-05007-02 and from the Faculty of Odontology, Karolinska Institute.
